CO 2 , temperature, water availability and light intensity were potential selective pressures 28 to propel the initial evolution and global expansion of C 4 photosynthesis in grasses. To 29 tease apart the primary selective pressures along the evolutionary trajectory, we coupled 30 photosynthesis and hydraulics models and optimized photosynthesis over stomatal 31 resistance and leaf/fine-root allocation. We also examined the importance of nitrogen 32 reallocation from the dark to the light reactions. Our results show that the higher stomatal 33 resistance and leaf/root allocation ratio conferred by the C 4 photosynthesis led to C 4 34 advantage without any change in hydraulic conductance. For the initial evolution of C 4 35 25-32 MYA, water limitation was the primary driver, and N reallocation was necessary. 36
The physiology and phylogeographic patterns of C 4 thus suggest multiple environmental 99 drivers might have interacted to select for C 4 evolution. Our goal in this paper is to tease 100 apart the selective pressures that led to the evolution of C 4 photosynthesis initially, its 101 global expansion 5-10 MYA, and its current distribution within the framework of an 102 optimality model in which the plant makes allocation "decisions" in order to maximize its 103 photosynthetic assimilation rate. To do this, we revisit the temperature-CO 2 crossover 104 approach and integrate the effects of water limitation, light, optimal allocation decisions, 105 and the interactions between these in a single model. Specifically, our model advances 106 our understanding of C 4 evolution in four important ways. First, few modeling studies 107 have explicitly considered multiple factors and their interactions. We incorporate water 108 availability and light intensity as selective factors in addition to temperature and CO 2 . 109 Second, the hypothesis that C 4 photosynthesis has a higher WUE than C 3 implicitly 110 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/048900 doi: bioRxiv preprint first posted online Apr. 15, 2016; relies on an optimality argument to balance carbon gain and water loss (Medlyn et al. 111 2011, Prentice et al. 2014 ), yet the role of optimal stomatal conductance in mediating 112 selective pressures due to water limitation during the evolution of C 4 plants remains 113 largely unexplored (but see Way et al. 2014 Based on equations (7), (8), (9) and (10), A n of C 4 is limited by four states as follows: 184 . The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/048900 doi: bioRxiv preprint first posted online Apr. 15, 2016;
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Optimal stomatal resistance and optimal allocation of energy between leaves and fine 214 roots 215
We assume that the plant adjusts the rs and f to optimize the total carbon gain by 216
217 where ρ is the leaf mass density (g cm -2 ). As a simplifying assumption, we assume N and 218 ρ are fixed (similar to Givnish, 1986). Effectively, we consider the optimization problem 219 faced by the plant in a given instance during its growth, where its size (of which N is a 220 proxy) can be regarded as a constant. Clearly, during plant growth, the assimilate will be 221 turned into plant biomass, but the instantaneous optimization problem will still yield the 222 optimal growth path, as it maximized the growth rate at any given time. We numerically solved for assimilation-based crossover temperatures, defined as the 258 temperature at which assimilation by the C 4 pathway starts exceeding that by the C 3 , 259 across the full range of CO 2 , evaporative conditions, and soil-water availability, all under 260 saturated light. In the first scenario (Fig. 1a) , we assume the same allocation of N to light 261 and dark reactions in the C 3 and C 4 plants (specifically, J max /V cmax =2.1 for both). Across 262 all CO 2 concentrations, the crossover temperature decreases as water limitation 263 increased. Under the most extreme water-stressed conditions (VPD = 4 kPa, Ψ S =-2 264 MPa), the crossover temperatures are all below 5°C, even under a CO 2 of 600 ppm, and 265 C 4 plants have an advantage at all temperatures. 266 267
In our second scenario, we assume a reallocation between RuBP regeneration and 268
RuBP carboxylation processes in C 4 by changing the J max /V cmax ratio to 4.5 while keeping 269 it at 2.1 in C 3 (Fig. 1b) . The crossover temperatures are lower than the first scenario 270 under saturated water conditions through to VPD = 3 kPa and Ψ S = -1.5 MPa, suggesting 271 that reallocation increases the advantage of C 4 in those conditions. Under low CO 2 and 272 low water availability (e.g. CO 2 =300 ppm, VPD = 3 kPa and Ψ S = -1.5 MPa or all CO 2 273 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/048900 doi: bioRxiv preprint first posted online Apr. 15, 2016;  concentrations with VPD = 4 kPa and Ψ S = -2 MPa), however, crossover temperatures 274 are comparatively higher than those of J max /V cmax =2.1, showing that reallocation 275 decreases the C 4 advantage under water limitation and low CO 2 . 276 277 Under saturated soil water availability, low VPD, and identical light-and dark-reaction 278 allocation of C 3 and C 4 , crossover temperatures decrease along with increasing light 279 intensity (Fig. 1c ). An increase in light intensity provides a larger relative benefit for C 4 at 280 low CO 2 , because C 3 photosynthesis is CO 2 limited and C 4 is light limited. Under all scenarios and both for C 3 and C 4 plants, optimal r s first decreases as 289 temperature increases, and then increases and it increases monotonically with 290 increasing CO 2 (Fig. 2 a, c, e) . Throughout the range of water availability we considered, 291 optimal r s is higher for C 4 than C 3 at temperature ranging from 10 to 40 o C and CO 2 292 ranging from 200 to 600 ppm. The optimal f has a similar relationship of an inverse 293 U-shape curve along with temperature. Increasing CO 2 results in an increase of leaf 294 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/048900 doi: bioRxiv preprint first posted online Apr. 15, 2016; allocation ( Fig. 2 b, d, f) . Optimal f for C 3 is always higher than that for C 4 under different 295 water availability and CO 2 . f decreases as intensity of water limitation increase. While crossover temperatures allow for a clear diagnostic of comparative assimilation, 312 they do not demonstrate the degree of difference. To this end, we calculated the net 313 assimilation rate difference between C 4 and C 3 , ∆A n (net assimilation of C 4 minus that of 314 C 3 ), under different conditions (Fig. 3 and 4) . Under a CO 2 concentration of 200 ppm and 315
saturated light, ∆A n is higher under moister conditions than water-limited conditions (Fig.  316   3a) . In contrast, under higher CO 2 concentrations (400 and 600 ppm), C 4 has an 317 advantage only in serious water limited conditions, which leave a relatively small scope 318 for C 4 to evolve (areas where ∆A n >0 in Fig. 3c, e) . This result is due to the fact that C 3 319 photosynthesis has a greater proportional increase in assimilation from 200 to 400 and 320 600 ppm CO 2 . However, the change of J max /V cmax increases both the ∆A n and space for 321 C 4 advantage (Fig. 3 b, d , f). Similar with water availability, at 200 ppm, ∆A n is highest 322 under saturated light, and decreases as light intensity decreases (Fig. 4a) . ∆A n is 323 relatively constant and negative across all light intensities at 400 ppm CO 2 (Fig. 4c) . The 324 change of J max /V cmax also increases the ∆A n and space for C 4 advantage under different 325 light intensities (Fig. 4 b, d) . 
We find that water limitation is the primary selective pressure for the evolution of C 4 357 grasses when CO 2 is above 400 ppm, suggesting that the environmental pressures for 358 C 4 evolution were in place during the early expansion of grass-dominant biomes. environmental window for C 4 evolution than we did. At 400 ppm and Ψ S = -1 MPa, they 375
showed that C 4 hydraulic conductance must be twice that of C 3 grasses for C 4 grasses to 376 achieve greater carbon uptake. In contrast, we find a clear C 4 advantage under these-377
and even drier-conditions by allowing for optimal solutions of r s and f to maximize A n , 378 while keeping plant hydraulic conductance equal across C 3 and C 4 . Our results do not 379 contradict the idea that larger bundle sheaths and smaller IVD-which were 380 prerequisites for C 4 evolution (Griffiths et 415 grasses (Fig. S2) , and therefore could lead to a competitive advantage over C 3 grasses 416 as well as C 4 grasses that do not reallocate. Assuming there is little cost or no genetic 417 constraints for reallocation, the selection pressure to reallocate would have been 418 strongest when CO 2 was high, i.e., during the initial evolutionary events in the 419 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/048900 doi: bioRxiv preprint first posted online Apr. 15, 2016;
Oligocene/Miocene, when the CCM alone does not give C 4 a large advantage (low ∆A n 420 in Fig. 3c ). When CO 2 was low during the C 4 radiation 5-10 MYA, however, the CCM 421 alone would give C 4 an advantage and reallocation would not change the competitive 422 balance between C 3 and C 4 . As CO 2 remained low through to the Pleistocene, selection 423 for nitrogen reallocation to the light reactions would lessen further, especially during the 424 concentration above 400 ppm, water limitation was the primary selective factor for C 4 448 evolution, and even at 600 ppm there is room for C 4 evolution under the driest 449 conditions. Furthermore, we find that the CCM alone leads to enough of a reduction in 450 water use that there would have been little selection for increased hydraulic conductance 451 within C 4 grasses. Below 400 ppm, CO 2 and to a lesser extent light, become the 452 dominant selective pressures, leading to gains in net C 4 carbon assimilation that greatly 453 exceeded those under higher CO 2 . We therefore have a plausible physiological 454 explanation for why C 4 grasses could have evolved hand-in-hand with the grassland 455 biome, even though they did not achieve ecological dominance for many millions of 456 years until CO 2 concentrations dropped. 
